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ABSTRACT 


This  report  summarizes  the  principles,  hardware  and  performance  of  a 
high  resolution  10.6  urn  optical  backscatter  range.  Included  is  a description 
of  the  backscatter  range  optical  setup  and  processing  capabilities.  Results 
include  demonstration  of  the  high  resolution  range  and  doppler  capabilities 
of  the  wideband  wavefoim  as  well  as  the  first  high  resolution  10.6  pm  range- 
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resolved  angle-angle  scanned  and  range-doppler  images. 
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I. 


introduction 


This  report  summarizes  the  principles,  hardware  and  performance  of  a 
high  resolution  10.6  pm  optical  backscatter  range.  Included  is  a description 
of  the  backscatter  range,  optical  setup  and  processing  capabilities.  Results 


include  demonstration  of  the  high  resolution  range  and  doppler  capabilities 
of  the  wideband  waveform  as  well  as  the  first  high  resolution  10.6  pm  range- 
resolved  angle-angle  scanned  and  range-doppler  images.  The  10.6  pm  backscatter 
range  has  operated  on  a 60  m static  range  in  a wideband  mode  for  over  a year 
and  a compilation  of  the  hardware,  processing  and  performance  is  relevant 


not  only  because  the  results  themselves  demonstrate  the  first  wideband  imaging 
at  10.6  pm  but  also  because  the  techniques  are  applicable  to  wideband  long 

range  infrared  radars. 

SYSTEM  OVERVIEW  AND  HARDWARE 

A.  Principles  of  Operation  of  Optical  Chirp_Radar 

In  a radar  system  targets  can  be  resolved  in  range  by  a large  number 
of  signal  waveforms  and  processing  techniques.  Most  of  the  techniques  fall 
into  two  Classes1:  1)  single  frequency  pulse  techniques  where  the  range 

resolution  is  proportional  to  the  inverse  of  the  pulse  duration  and,  2) 


multiple  frequency  or  FM  chirp  techniques  where  the  range  resolution  is 
determined  by  the  signal  waveform  characteristics  (i.e.,  bandwidth,  shape, 
etc.).  Although  both  techniques  have  been  extensively  employed  in  radar 
systems,  the  longer  duration  chirp  waveform  offers  the  following  advantages 
over  an  uncoded  pulse  of  equivalent  bandwidth:  1)  lower  peak  power  for  the  same 

energy  per  pulse  which  results  in  either  less  expensive  components  for 
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equivalent  energy  systems  or  greater  energy  and,  therefore,  sensitivity  for 
equivalent  peak  power  systems,  2)  the  ability  to  doppler  process  the  return 
is  facilitated  by  the  longer  duration  chirp  pulse  and  the  resultant  greater 
time  between  samples. 

The  10.6  ym  backscatter  range  utilizes  a microwave  wavefoim  generator 
built  by  D.  Bromagim  of  Lincoln  Laboratory.  The  details  of  how  the  microwave 
waveform  is  converted  to  a 10.6  ym  carrier  will  be  discussed  in  a later 
section.  The  waveform  is  a 1000  MHz  linear  chirp  with  a duration  of  250  ysec. 
Figure  la  shows  the  waveform.  Range  resolution  is  accomplished  in  the 
following  manner.  The  generated  optical  waveform  is  split  into  two  components: 
the  local  oscillator  (LO)  and  the  signal.  The  signal  portion  is  used  as 
the  radar  transmit  waveform.  The  return  signal  is  then  optically  mixed  with 
the  LO.  The  received  signal  and  LO  are  identical  (neglecting  doppler  effects) 
with  the  exception  that  the  received  signal  is  delayed  relative  to  the  LO  by 
the  transit  time  to  and  from  the  target  (Figure  lb).  The  result  of  the 
optical  mixing  between  a linear  frequency  ramp  and  its  delayed  replica 
(correlation  detection)  is  a single  frequency  pulse  for  the  duration  of  the 
signal  overlap  (Figure  lc) . The  frequency  of  the  pulse  is  proportional  to 
the  range  of  the  target. 

For  a linear  FM  chirp  radar,  let 
B = bandwidth  of  chirp 
T = chirp  duration 
f = correlation  detector  frequency 
x = transit  time  of  signal  path 
R = range  to  target 
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realizing  that  B/I  is  the  slope  of  the  waveform,  df/dt,  the  correlation 
frequency  is  easily  seen  to  be: 


for  B = 1000  MHz 
T = 250  nsec 
R = 60  m 

then  f = 1.6  MHz 

The  range  resolution  can  be  derived  by  realizing  that  the  Fourier  Transform 
of  a single  frequency  pulse  is  a sine  x function  centered  at  the  return 
frequency  with  a half  power  width  of  1/T,  where  T is  the  pulse  duration. 

The  range  resolution  is  therefore 

Af  = 1/T  = 4 kHz 

res 

AR  = c f = Tn  = 1 5 cm 
res  IB  res  2B 

The  range  resolution  indicates  the  radar's  capability  to  discriminate 
two  point  targets  of  equal  cross  section  separated  in  range  by  15  cm.  The 
importance  of  performing  the  correlation  at  the  optical  frequency  is  as 
follows.  Range  resolution  inherent  in  a 1000  MHz  waveform  can  be  obtained 
with  an  optical  detector  requiring  only  a few  megahertz  frequency  response. 

Even  if  the  range  of  the  target  is  substantia1 ly  increased  so  that  the  delay 
time  is  comparable  to  or  even  greater  than  the  chirp  itself,  detector  bandwidths 
can  be  kept  significantly  smaller  than  1000  MHz  by  varying  the  chirp 
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repetition  rate  so  that  the  target  return  from  chirp  n will  mix  with  LO 
chirp  n + 1.  Present  10.6  pm  oscillators  possess  the  coherence  time  required 

to  allow  staggered  chirp  operation. 

Crossrange  information  of  a target  can  be  obtained  by  a number  of 
techniques.  We  have  used  two  techniques  to  generate  the  crossrange  informa- 
tion. The  first  technique  (angle-angle)  employs  a beam  much  smaller  than  the 
target,  a raster  scanning  optical  system,  and  a stationary  target.  The 
crossrange  information  is  obtained  by  correlating  the  angle-angle  position  of 
the  scanning  system  with  the  appropriate  crossrange  dimension.  The  second 
technique  employs  the  use  of  target  doppler  to  determine  crossrange.  In 
the  chirp  radar  system  doppler  is  measured  fran  pulse-to-pulse  phase  differ- 
ences. This  requires  that  the  starting  phase  of  the  chirp  in  the  signal  and 
TO  path  have  the  same  phase  relation  for  every  chirp  and  that  the  laser  and 
other  CW  microwave  carriers  be  coherent  for  the  transit  time.  In  the  back- 
scatter  range  the  signal  and  ID  are  generated  as  a single  optical  beam  and 
subsequently  split  so  these  phase  relationships  are  always  maintained.  Figure 
2 demonstrates  how  the  correlation  detector  output  is  affected  by  a moving 
target.  Figure  2a  shows  a single  stationary  target.  Figure  2b  shows  a single 
moving  target.  Notice  that  it  is  the  pulse-to-pulse  phase  difference  that 

determines  the  doppler. 

For  a pulse  train  of  length  TD  made  up  of  chirps  of  duration  T,  with 
a 50%  duty  cycle  and  a system  coherence  time  greater  than  Tp  the  unambiguous 

doppler  excursion  is 

^^unambiguous  2T  2 kHz 
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Fig.  2.  Chirped  radar  doppler  detection  techniques. 
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The  doppler  resolution  is  = 1/TD.  The  crossrange  position,  Ax 

about  the  center  of  a rotation  of  the  fully  illuminated  target  rotating  at 
angularly  frequency,  wr,  can  be  related  to  measured  doppler  frequency,  f by 


where  A is  the  optical  carrier  wavelength.  Details  of  the  data  processing 
involved  in  converting  a series  of  chirps  into  a range-doppler  image  will  be 
discussed  in  a later  section. 

Two  techniques  of  range-crossrange  imaging  are  used  depending  on  how 
the  crossrange  information  is  derived.  1)  Range -resolved  angle  scanned 
imaging  requires  a stationary  target  and  a beamwidth  much  smaller  than  the 
target.  For  each  stationary  aspect  angle  range  information  will  be  obtained 
from  the  frequency  information  of  the  chirp  and  crossrange  information  from 
the  angle-angle  position  of  the  moveable  mirror.  To  reconstruct  an  image  of 
the  target  the  range-crossrange  images  of  many  aspect  angles  are  superimposed. 
Figure  3 shows  a schematic  of  this  reconstruction  technique.  2)  Range-doppler 
imaging  requires  a slowly  rotating  target  illuminated  by  a beam  comparable  to 
the  target  size.  Information  to  construct  a range-crossrange  image  can  be 
obtained  in  a time  determined  only  by  the  required  doppler  resolution  but  in 
any  case  before  the  target  rotates  more  than  a fraction  of  a degree.  Range  in- 
formation is  obtained  from  the  chirp  frequency  and  crossrange  information  is  now 
obtained  from  the  doppler  frequency  distribution.  The  complete  image  is  again 
reconstructed  by  superimposing  the  images  from  a large  number  of  aspect  angles. 
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B.  Wideband  Infrared  Modulator 


The  infrared  modulator  was  built  to  produce  a wideband  infrared  side- 
band (near  10.6  pm)  by  mixing  a CW  infrared  laser  (single  mode)  output  with 
a chirped  microwave  signal.  The  mixing  medium  is  single- crystal  GaAs  which 
is  transparent  in  the  infrared  ( — 1 - 16  pm).  Applying  an  electric  field  (in 
our  case  the  microwave  electric  field)  to  the  crystal  causes  the  GaAs  to 
become  birefringent  for  infrared  radiation.  The  single  crystal  is  oriented 
so  that  the  birefringence  produces  an  elliptically  polarized  infrared  output 
from  a linearly  polarized  input.  This  birefringence  is  modulated  at  the 
frequency  of  the  applied  electric  field  and  produces  sidebands  of  the  infrared 
carrier  frequency,  w . By  following  the  modulator  with  a polarizer  oriented 
JU  to  the  input  infrared  polarization,  only  the  odd  sideband  frequencies, 
u)Q  ± wm,  ± 3mm,  etc.  (w  = microwave  frequency)  remain.  Ideally  there  is 

no  carrier  present  and  most  of  the  power  is  in  the  first  sideband  (to  ± to  ) . 

o nr 

Residual  carrier  does  leak  through  the  second  polarizer  because  strain,  impurity 
and  thermal  induced  birefringence  exist  in  the  crystal. 

The  modulated  birefringence  for  any  infrared  phase  front  is  a local 
phenomena.  To  produce  a net  elliptical  polarization  at  the  end  of  the 
crystal  the  applied  electrical  field  must  be  uniform  along  the  length  of 
the  crystal.  At  microwave  frequencies  this  is  impossible  for  a structure 
longer  than  X^/2  (Am  = microwave  wavelength).  If,  however,  the  applied 
electric  field  travels  at  the  same  phase  velocity  through  the  crystal  as 
the  infrared,  then  the  infrared  field  sees  the  same  microwave  field  as  it 
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travels  through  the  crystal.  This  produces  a net  birefringence  modulated  at 
the  microwave  1 requeue y. 

The  modulator  design  used  in  the  backscatter  system  consists  of  a 
12  cm  bar  of  GaAs  placed  inside  a waveguide  cavity.  A 6 cm  version  of  the 
device  is  shown  in  Figure  4.  The  optical  field  enters  through  the  cuts  m 
the  waveguide.  The  phase  velocity  of  the  microwave  field  can  be  adjusted  by 
means  of  moveable  shorting  plates  placed  in  the  cavity.  The  top  of  the  guide 
rests  on  the  top  of  the  ciystal  and  is  made  flexible  for  good  guide-crystal 
contact.  The  microwave  frequency  over  which  the  device  can  be  used  is 
determined  by  the  microwave  transmission  characteristics  of  the  guide  and 
phase  match  between  the  optical  and  microwave  fields. 

For  either  sideband  (mQ  + or  u>Q  - the  theoretical  maximum 
sideband  output  power,  Pg,  for  the  scheme  described  above  is 


where  PQ  = input  infrared  carrier  power 

= input  infrared  carrier  wavelength  in  vacuum 
n = GaAs  index  of  refraction  at  A (3.27) 

o - 10 

r = electro-optic  coefficient  of  GaAs  (1.7  x 10  cm/v) 

E = peak  microwave  electric  field 
m 1 

P = average  microwave  power 
m 

L = length  of  ciystal 

This  approximation  is  valid  for  Ps/P0  < -1  and  neglects  optical  and 
microwave  losses  in  the  crystal  and  microwave  structure. 
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Fig.  4.  Wideband  infrared  modulator. 
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Thus  with  Pm  = 80  W (I.m~  5 x 102  V/cin),  L = 12  an,  and  PQ  = 50  W, 
we  calculate  l’g  ~ 150  mW  for  the  lossless  case  and  measure  Pg  ~ 30  mW  at 
f,n  = 15<()  G,,z-  Wc  <'tt tribute  the  difference  to:  optical  losses  in  the 

crystal  and  microwave  losses  in  the  crystal  and  modulator  structure. 

The  phase  match  bandwidth  is  greater  than  1 GHz.  Inductive  irises  are 
used  to  impedance  match  a 1 GHz  flat  microwave  transmission  at  15.6  JHz  center 
frequency. 

Table  1 summarizes  the  operating  parameters  and  other  details  of  the 
modulator. 

To  significantly  increase  the  sideband  power  output  from  the  modulator 
would  be  very  expensive  if  obtained  by  increased  microwave  and/or  laser 
power.  A more  attractive  alternative,  replacing  the  GaAs  crystals  with  CdTe, 
has  been  chosen  to  increase  the  sideband  power.  CdTe  offers  two  advantages  over 
GaAs,  1)  at  10.6  pm  CdTe  is  4 times  as  efficient  per  unit  length  as  GaAs  in 
producing  sidebands,  2)  the  optical  losses  fcr  CdTe  are  .2%  cm"1  compared  to 
^ cm  1 for  GaAs.  for  our  given  length  of  crystal  (12  cm)  the  combination 
of  advantages  should  give  us  an  increase  of  from  4 to  8 times  the  optical 
sideband  output.  The  variability  in  the  improvement  exists  because  the  side- 
band conversion  increases  as  the  square  of  the  length  of  the  crystal  while 
the  optical  and  microwave  losses  which  are  not  precisely  known  decrease  the 
output  exponentially  with  length. 

Until  recently,  bulk  single  cryst  nas  not  been  available  commer- 
cially. II-V1  Corporation  now  produces  1 igle  crystals  of  CdTe.  To 

increase  our  sideband  powei  we  have  purchased  single  crystal  CdTe  and  have 
characterized  its  microwave  and  optical  properties.  The  next  step  will  be  to 
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TABLE  I 


MATERIAL  PROPERTIES 


Material: 

Resistivity: 

Optical  Loss  (estimated) : 
Microwave  Loss: 

Length: 

Width: 

Height: 


GaAs  (Cr  doped)  single  crystal  oriented 
for  amplitude  modulation. 


I6 
.02  an 


£10  ohm-cm 
-1 


.02  cm 
12  an 
.559  an 
.254  an 


-1 


Ar  coated  ends,  polished  (.3  p grit)  on  top  and  bottom 
Supplier:  Coherent  Radiation 


MODULATOR  CHARACTERISTICS 


Mechanical  Structure: 


Length  of  GaAs  Crystal (s): 
Microwave  Mode  Used: 

Total  Optical  Loss 
Total  Microwave  Loss: 


Traveling  wave,  reduced  height 
waveguide;  flexible  top,  moveable 
sides. 


12  cm,  two  crystals  as  per  crystal  specs. 

TE10 

- 3 dB 

- 3 dB 


Microwave  Transmission  Frequency 

Range:  =15-16.5  GHz  (3  dB  points) 

Power  Sideband  Output:  *30  mW,  50  W optical  (CW)  input,  80  watts 

(CW)  microwave  input. 
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obtain  a phase  match  for  the  microwave  and  10.6  ym  waves  in  the  CdTe  crystal 
with  a test  modulator.  Then  an  optimized  waveguide  structure  will  be  put 
in  the  system.  The  test  modulator  has  been^uA'Vt  and  a b an  CdTe  modulator 
is  currently  being  tested. 

C.  System  Hardware 

The  system  hardware  is  designed  to  operate  as  a coherent  10.6  ym 

chirped  radar.  A block  diagram  of  the  hardware  is  shown  in  Figure  5. 

The  system  hardware  can  be  divided  into  two  functional  groups. 

1)  Equipment  to  produce  the  infrared  correlated  output  signal.  2)  Data 

recording  and  processing  equipment. 

The  radar  signal  system  requires  a radar  output,  a local  oscillator, 

a radar  return,  and  a correlation  infrared  detector. 

The  unique  part  of  this  radar  is  the  wideband  chirped  waveform  on 

a 10.6  ym  carrier.  The  1 GHz  chirp  is  superimposed  on  the  CW  laser  output 

by  mixing  the  laser  with  the  microwave  chirp  in  the  modulator.  The  micro- 

wave  chirp  is  centered  on  a 15.6  GHz  carrier.  The  waveform  is  shown  in 

Figure  la.  This  produces  an  output  offset  from  the  laser  by  15.6  ± .5  GHz. 

This  particular  microwave  carrier  is  used  so  that  in  the  future,  the  output 

13  18 

can  be  amplified  by  an  optical  amplifier.  The  oscillator  will  be  a C 0^ 

(isotope)  laser  operating  on  the  R(20)  line  (near  10.6  ym)  and  the  optical 

12  16 

amplifier  using  ordinary  CiD02)  C02  will  have  a high  power  line  (P(22)) 

15.6  GHz  away  and  will  thus  amplify  the  upper  sideband  output  of  the  modulator. 

The  microwave  ramp  generator  shown  in  Figure  6 provides  the  pulse 
shape  that  is  impressed  on  the  infrared  carrier.  The  pulse  width  is  250  ysec. 
The  linear  excursion  of  1 GHz  is  provided  by  a VCO  with  a 6 GHz  carrier.  The 
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Fig.  7.  Backscatter  system  optical  bench. 
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ramp  generator  is  constructed  to  make  the  1 GHz  chirp  extremely  linear.  This 
is  necessary  to  achieve  the  15  cm  range  resolution  (unweighted)  by  pulse 
compression.  The  linearity  is  such  that  the  phase  of  the  chirp  varies  by 
only  10°  (peak -to -peak)  during  1 GHz  chirp. 

The  specifications  of  the  generator  are 

PRF  100-3600  (2000  normally  used) 

Output  Level  0 dBm  * 

Output  Level  Variation  ± 1 dB  (maximum) 

A self  correlation  provision  in  the  generator  allows  the  chirp  phase 
to  be  constant  from  pulse  to  pulse.  Although  this  feature  is  not  used  in 
the  present  system  because  the  range  is  only  60  m,  it  would  be  necessary 
in  the  staggered  chirp  mode  for  long  range  operation. 

The  output  of  the  ramp  generator  is  mixed  with  a stable  X-band 
klystron  oscillator  in  a microwave  diode  upconverter  to  give  the  required 
15.6  GHz  output.  This  is  amplified  by  a 100W  TWT  amplifier  and  is  fed  into 
the  modulator  via  waveguide  where  the  infrared  and  microwave  fields  mix.  The 
present  modulator  increases  the  output  level  variation  to  ± 2 dB. 

As  explained  in  the  Modulator  Section  the  output  of  the  modulator 
is  a sideband  orthogonally  polarized  in  space  to  the  carrier.  A Germanium 
Brewster  angle  polarizer  is  used  to  extinguish  the  carrier.  Due  to 
imperfections  in  the  polarizer  and  pressure  induced  birefringence  in  the 
modulator  crystal  the  carrier  can  be  reduced  by  about  17  dB  (26  dB  theo- 
retical limit) . The  modulator  output  passes  through  a beamsplitter  creating 
a signal  path  and  a local  oscillator  path. 


17 


The  local  oscillator  path  contains  a tunable  Fabry  Perot  etalon  which 
has  40  GHz  free  spectral  range  and  a Finesse  of  30,  giving  the  desired  1 GHz 
band  pass.  This  reduces  the  sideband  carrier  isolation  further  and  selects 
the  single  sideband  to  be  used  in  producing  the  radar  signal.  Figure  7 is 
a photograph  of  the  optical  components. 

The  signal  path  contains  optics  to  adjust  the  output  beam  divergence 
in  order  to  control  the  beam  diameter  at  the  target.  Beam  diameters  from 
7-100  cm  at  the  target  which  is  60  m from  the  output  mirror  have  been 
employed.  The  output  mirror  is  electronically  controlled  to  scan  in  a 
raster  manner.  The  scan  rate  and  step  size  are  variable.  The  electronics  also 
provide  a sync  pulse  each  time  the  position  is  changed.  In  this  way  the  pulses 
can  be  continuously  recorded  and  later  reconstructed  into  angle-angle  positions. 

The  return  path  is  purposely  separate  from  the  output  path  to  eliminate 
backscatter  problems.  The  optics  in  the  return  path  match  the  return  Gaussian 

beam  divergence  to  that  of  the  local  oscillator  so  that  mixing  can  be 

optimized. ^ 

The  return  is  delayed  by  400  nsec  (for  the  120  m round  trip)  relative  to 
the  local  oscillator.  For  the  1 GHz  chirp,  250  p sec  pulse  this  gives  a 

nominal  1.6  MHz  difference  in  frequency  between  the  LO  and  the  return  path. 

The  mixing  beam  splitter  combines  the  LO  and  the  receive  path. 

The  detector  is  a Ge:Cu  photoconductor  optimized  for  2 MHz  response. 

For  the  return  signal  frequency  of  the  backscatter  system  photoconductors 
Ge:Cu  is  superior  to  HgCdTe  photovoltaic  detectors  because  of  its  superior 
(larger)  shunt  resistance  which  reduces  the  Johnson  noise  of  the  detector  and 
its  ability  to  withstand  higher  optical  powers  without  damage. 
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The  mixed  beam  (LO  and  received)  then  modulates  the  detector  output 
by  the  difference  frequency,  nominally  1.6  MHz.  The  resultant  output  of 
the  detector  is  the  radar  signal.  The  1.6  MHz,  250  usee  pulse  has  a constant 
starting  phase  from  pulse  to  pulse  unless  there  is  target  motion  (intentional 
or  induced  by  building  vibrations). 

In  order  to  record  the  correlation  detector  output  the  1.6  MHz  carrier 
must  be  downconverted  to  match  the  80  kHz  bandwidth  of  a standard  FM 
instrumentation  recorder.  This  is  accomplished  by  using  a trigger  pulse 
from  the  ramp  generator  to  trigger  a gated  reference  oscillator  (GRO)  whose 
frequency  is  40  kHz  offset  from  the  correlation  detector  output.  The  GRO 
starts  each  250  usee  burst  at  the  same  phase  to  avoid  introducing  phase 
errors  into  the  doppJer  processing.  The  correlation  detector  and  GRO  are 
mixed  and  amplified  to  the  optimum  recorder  level. 

It  is  important  to  review  the  chain  of  events  in  the  on-line 

data  recording.  The  radar  return  is  a 250  usee  pulse  which  when  mixed 
with  the  LO  and  downconverted  provides  a ncminal  40  kHz,  250  ysec  sine  wave. 

By  recording  the  microwave  trigger  pulse  (line  sync)  on  the  tape  recorder 
as  well  as  using  it  to  trigger  the  GRO,  we  not  only  mark  the  beginning  of 
the  signal  pulse,  but  we  have  carefully  preserved  the  phase  information  in 
the  signal.  The  frame  sync  pulses  are  recorded  to  mark  each  angle-angle 
position  of  the  scan.  If  the  radar  is  used  in  a non- scanning  mode  then  the 
frame  syncs  are  still  provided  (obviously  the  stepping  motors  are  shut  off) 
to  mark  a block  of  data  for  computer  analysis.  A fourth  channel  is  recorded 
which  provides  the  time  of  day.  The  time  is  used  to  run  the  off-line  analysis. 
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The  off-line  processing  consists  of  playing  the  tape  on  an  A/D 
converter  system  which  provides  a digitized  tape  in  IBM  format  for  computer 

analysis. 

The  instrumentation  recorder  is  similar  to  the  on-line  recorder.  It 
uses  4 play  back  channels  as  outputs  to  a computer  controlled  A/D  converter. 

The  tape  is  recorded  at  120  ips  and  played  back  at  15  ips  to  increase 

„ . , r A/n  This  allows  160-200  samples  per 

the  effective  sampling  speed  of  the  A/D.  mis  anu 

signal  pulse  to  be  obtained. 

The  computer  program  that  controls  the  digitizing  process  takes 
commands  from  a teletype  terminal.  The  start  and  stop  times  are  read  from 
the  time  channel  on  the  recorder.  Once  the  start  time  is  reached  the  next 
frame  pulse  triggers  the  digitizing  process.  THe  digitization  begins  with 
the  next  line  (signal  pulse)  and  continues  for  40-50  pulses  (a  parameter 
previously  typed  into  the  digitizer).  This  series  of  digitized  chirps  forms 
1 logical  record  stored  in  a buffer  which  is  then  read  onto  a digital  tape 
recorder  in  IBM  format.  (Storage  capacity  of  the  digitizer  is  limited  to 

8000  total  samples.) 

HI.  SYSTEM  SENSITIVITY 

The  desired  sensitivity  of  the  backscatter  range  is  0 dB  signal- 
to-noise  ratio  on  a -30  dBsm  (IQ-3  m2)  target  illuminated  with  a 1 m diameter 
beam  at  a 60  m range.  This  is  equivalent  to  detecting  a W m resolutron 
element  with  a 10*  reflectivity.  This  section  will  discuss  the  theoretical 
and  measured  sensitivity  to  date  raid  explore  the  alternatives  to  achieving 
the  desired  sensitivity. 
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The  signal-to-noise  ratio  for  heterodyne  detection  can  be  written  as  : 


.2 

1 


IF’ 


the  homodyned  signal  current,  is 


i2Ip  = [2r|2G2e2/ (hv) 2]  PlqPrK2 


CD 


(2) 


n,  the  external  quantum  efficiency  of  the  Ge:Cu  detector 
G,  the  photoconduct ive  gain 

Plo,  PR,  the  local  oscillator  and  received  signal  power 
K,  the  mixing  efficiency 

The  noise  terms  are: 


.2  . ^nfu)  * PC1B  , 4ICrLB 
1,1  hv  RL 


(3) 


P^,  the  carrier  leakthrough  power 

B,  the  single  range  element  bandwidth,  4 kHz 

T^,  R^,  the  effective  Johnson  noise  temperature  and  resistance 

PT,  transmitted  signal  power 

Present  system  sensitivity  allows  a single  pulse  return  of  27  dB  ±3  dB  on 
a Lambertian  scatterplate  with  7 cm  diameter  beam  (a  = -20  dBsm)  and  80  dB 
±3  dB  on  a retroreflector  (a  = 32  dBsm) . 

The  significant  existing  system  parameters  are: 
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= 50  W 


= 80  W 
= 30  mw 

= 9 raw  (after  beamsplitter  301) 

= 3 mw  (after  Fabry-Perot) 

= .9  mw  (at  detector) 

=750  mw  (after  beamsplitter)  polarization  different 
= 30  mw  (after  Fabry-Perot)  from  LO 
= 15  mw  (at  detector) 

= 21  mw  (after  beamsplitter  70%) 

There  is  a second  70%  beamsplitter  on  the  received  path  so  the  effective 
received  power  has  an  additional  30%  loss.  The  optical  reflection  loss  from 
12  surfaces  provides  an  optical  transmission  path  loss  of  20%. 

The  two  principle  noise  sources  for  the  system  are  the  LO  shot  noise 
and  the  unmodulated  carrier  leakthrough,  Pc,  shot  noise.  The  resultant 
signal-to-noise  ratio  is 


Laser 


ywave 


p 

Sideband 


LO 


*•  > i*  i il  I 9* 

N " 


[ZnW/CMfyMfaK2 

4e2G2n(P^  + PLQ)B/hv 


nPL0PRK 
2hv(pc  + Plo)B 


(4) 


The  minimum  detectable  power  is  therefore: 
PRmin  ' nP^K2 
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Using  the  previously  provided  system  parameters  and  n = 301 


8.8  x 10'15W 
K2 


This  compares  to  Pj^  = 2hvB/n  = 5.3  x 10  in  the  quantum  limit  when 
K = 1.  For  the  a = -20  dBsm  (S/N  = 27  dB)  scatterplate  the  power  received 
is  related  to  the  power  transmitted  by: 


P 


R 


2 

Pt,4ttA  Ra  q 

— — = 4.2  x 10'yPT, 

(4ttR2)  2 X2 


where  AR  is  the  effective  receiver  area. 

Taking  into  account  the  receiver  beamsplitter  and  optical  transmission  effects, 
the  effective  power  transmitted  is: 


P.p  = .56  P^,  = 12  mw 

Therefore 

PR  = 5.1  x 10~nw 

The  signal  to  noise  ratio  on  the  o = -20  dBsm  target  is  therefore 

- = -y  = K2  5.8  x 103  = (38  + log  K2)  dB 

N 8.8  x 10'ib/K 
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The  experimental  results  show  the  scatterplate  has  a signal  to  noise  of  27  dB 
indicating  that  the  combined  mixing  efficiency  and  system  loss  is  about  -11  dB. 
This  is  a realistic  number  considering  the  number  of  optical  elements  in 
the  system. 

Expanding  the  beam  from  7 cm  to  100  cm  diameter  requires  that  the 

2 

effective  transmit /receive  area  be  reduced  by  (7/100)  . Since  the  system 
....  . 2 

sensitivity  is  proportional  to  Ap  , system  sensitivity  is  reduced  by 

(7/100)4  or  46  dB.  For  the  system  numbers  just  described  the  minimum 

detectable  cross-section,  a . , is  reduced  from  a . _ = -47  dBsm  to 

min  mm  7 cm 

amin  100  cm  = -1  dBsnu 

Since  the  desired  sensitivity  of  the  system  is  0 dB  on  a 
a = -30  dBsm  element  with  a 100  cm  diameter  beam,  a 29  improvement 
in  sensitivity  is  needed. 

A.  System  Improvements 

Using  the  last  analysis  the  effect  of  three  possible  increases  in 
the  sideband  power  level  and  their  effect  on  the  system  sensitivity  are 
explored.  1)  The  use  of  CdTe  crystals.  This  will  increase  the  sideband 
power  by  6 dB.  This  development  is  currently  in  progress.  2)  The  use  of 
a 10  dB  optical  amplifier.  We  have  a prototype  optical  amplifier  which  has 
been  built  by  Hughes  Research  Laboratory  (Malibu).  Hughes  has  successfully 
operated  the  amplifier  at  various  gains  and  pressure  levels.  The  pressure 
and  gain  theoretically  determine  the  bandwidth  of  the  optical  amplifier.  It 
is  hoped  that  10  dB  of  gain  can  be  obtained  with  a bandwidth  of  500  MHz  (3  dB) 
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from  the  prototype  amplifier.  From  Hughes'  data  this  appears  to  be  possible. 

As  mentioned  in  Section  IIB  an  isotope  laser  will  have  to  be  used  to  produce 
the  sideband  so  that  it  can  be  amplified.  This  laser  is  currently  being 
developed  to  produce  power  levels  near  50  W.  3)  a 20  dB  optical  amplifier 
may  become  available  in  the  future  from  Hughes  (Culver  City) . It  has  been 
constructed  but  no  significant  measurements  have  been  made.  It  is  intended 

for  future  use  in  the  backscatter  system. 

Case  1 - Effect  of  0 dB  Increase  in  Sideband  by  Use  of  CdTe_ 

Modulator  Crystals. 

This  will  increase  PlQ  from  .9  raw  to  3.6  mw  and  PT,  from  12  mw  to 

48  mw  while  Pc  remains  fixed  at  15  mw.  The  result  will  be  to  reduce  PRmin 

from  1.1  x 10'13W  to  2.8  x 10*l4W  and  increase  sensitivity  by  11  dB 

because  while  both  PLQ  and  PR  are  increased  by  6 dB  in  Equation  4,  the 

denominator  increases  only  slightly.  Thus  11  dB  of  the  needed  29  dB  can 

be  achieved  improving  the  modulator  efficiency.  18  dB  gain  is  still  needed. 

Case  2 - 10  dB  Optical  Amplifier 

For  this  case,  again,  PL0  is  increased  from  3.6  mw  to  36  mw  and 

p from  48  mw  to  480  mw.  PLQ  is  now  greater  than,  but  comparable  to  Pc  at 

15  mw.  The  numerator  of  Equation  4 increases  by  20  dB  while  the  denominator 

increases  by  4 dB  (due  to  PL0+PC)  having  a net  gain  in  sensitivity  of  16  dB 

PD  . is  reduced  to  9.5  x 10'15W  (i.e. , compared  to  6.7  x 10  15W  for  the 
Rmin 

quantum  limit  case)  . 

The  total  sensitivity  improvement  for  Case  1 and  2 is  27  dB.  This 
improvement  will  allow  a 0 dB  signal-to-noise  ratio  on  a -28  dBsm  target. 

This  is  2 dB  less  sensitivity  than  the  minimum  desired  result. 
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Case  3 - 20  dB  Optical  Amplifier 


In  this  case  P^q  is  increased  from  3.6  mW  to  360  mW.  This  is  a much 
greater  LO  power  than  is  needed  (or  even  desired)  to  achieve  a quantum 
noise  limit.  This  power  can  be  reduced  by  decreasing  the  reflectivity  of 
the  beamsplitters.  In  any  case  quantum  noise  limit  is  achieved,  that  is, 

PR  = 6.7  x 10'15  W 
%in 

P^,  is  increased  from  48  mW  to  4.8  W (possibly  more  if  the  beamsplitters  are 
changed) . The  net  gain  in  sensitivity  (over  Case  1 improvement)  is  27  dB. 

That  is,  a +9  dB  signal- to-noise  ratio  can  be  achieved  on  a -30  dBsm  target 
(amin  = -39  dBsm).  This  will  provide  the  full  desired  sensitivity.  Table 
II  summarizes  the  results. 

To  achieve  the  minimum  desired  sensitivity  we  are  constructing  the 
CdTe  modulator  and  making  the  prototype  optical  amplifier  operational  for 
the  backscatter  range.  The  optical  amplifier  built  by  Hughes,  Culver  City, 
will  be  tested  independently  from  the  backscatter  program  and  made  operational 
in  the  system  when  its  performance  is  deemed  satisfactory . 

IV.  DATA  PROCESSING  AND  ANALYSIS 

The  digitized  output  from  the  correlation  detector  is  read  onto  the 
disc  of  the  IBM  370.  The  data  are  organized  in  units  of  lines  and  records 
as  previously  discussed.  Each  line  represents  the  sampled  digitized 
response  of  a single  chirp.  Each  record  represents  a sequence  of  chirped 
signals.  For  the  case  of  a single  point  target  the  functional  form  of 
each  line  is  a single  frequency  sinusoid  of  250  ysec  duration.  The  unweighted 
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Sideband 


O 


28 


Fourier  transform  of  the  time  domain  output  results  in  spectral  display  in 

the  frequency  domain.  The  functional  form  in  the  frequency  domain  is  sin 

x/x.  The  frequency  spectrum  is  then  directly  converted  to  range  information 

using  the  conversion  of  4 kHz  to  15  cm.  The  sin  x/x  function  has  sidelobes 

4 kHz  wide  at  13  dB  below  the  central  peak.  To  improve  the  dynamic  range  of 

the  system  these  sidelobes  can  be  reduced  by  "Hamming"  weighting  the  time 

domain  samples  by  a cosine  function.  The  result  is  that  the  central  lobe 

is  widened  by  40%  thereby  reducing  the  range  resolution  from  15  cm  to  25  cm, 

but  the  sidelobes  and  therefore  the  dynamic  range  of  the  system  is  theoretically 

improved  from  13  dB  to  40  d£  (25-30  dB  in  practice).  Figure  8 shows  the 

2 

theoretical  spectrum  of  the  (sin  x/x)  waveform  before  and  after  Hamming 
weighting. 

To  obtain  doppler  information  a second  transform  is  required  for 
each  range  (frequency)  bin.  The  transform  requires  a sequence  of  consecutive 
lines,  the  length  of  the  sequence  determining  the  doppler  resolution.  The 
output  of  -the  two  dimensional  transform,  which  represents  a single  aspect- 
angle  image  of  the  target,  is  then  displayed.  Figure  9 shows  a block  diagram 
of  the  major  steps  in  the  range-doppler  processing. 

The  unambiguous  doppler  is  2 kHz  which  is  determined  by  the  pulse 
repetition  frequency.  The  doppler  resolution  is  determined  by  the  total 
number  of  chirps  (lines)  used  in  the  second  FFT.  The  doppler  resolution  is 


2 kHz 
N 


where  N is  the  number  of  chirps  in  the  second  FFT. 
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Fig.  9.  Processing  block  diagram. 


The  crossrange  resolution  therefore  is 


D 

Ax  = ^ 

res  2oJr 

Table  III  summarizes  the  backscatter  system  signal  and  imaging 
parameters. 

V.  EXPERIMENTAL  RESULTS 

This  section  will  describe  the  significant  results  obtained  with  the 
wideband  10.6  urn  backscatter  range.  It  must  be  pointed  out  that  these 
results  were  intended  to  demonstrate  the  range  and  doppler  imaging  capabilities 
of  the  backscatter  system  and  not  to  represent  signatures  of  targets  that  are 
of  strategic  or  even  real  interest. 

The  real  time  output  of  the  correlation  detector  has  been  previously 
described  as  a 250  ysec  frequency  burst.  Figure  10  shows  an  oscilloscope 
photograph  taken  with  a 1/30  sec  exposure  of  a retroref lector  target.  Since 
the  correlation  detector  frequency  is  proportional  to  the  range  of  the 
return  when  returns  are  received  from  different  ranges  the  250  ysec  burst 
consists  of  the  sum  of  the  different  frequency  components.  Figure  11  shows 
the  time-domain  return  of  two  retroreflectors  separated  in  range  by  50  cm. 

A.  Range-Doppler  Resolution 

The  theoretical  range  resolution  for  a 1000  MHz  waveform  and  two 
equal  amplitude  point  targets  is  15  cm.  The  real  time  returns  from  two 
retroreflectors  located  at  60  m separated  by  15  cm  in  range  are  clearly 
discernible  in  the  frequency  domain  plot  shown  in  Figure  12. 
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Fig.  10.  Downconverted  correlation  detector  output  of  a single  retro. 
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Fig.  11.  Correlation  detector  otuput  of  two  retros  separated  in  range. 
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Fig.  12.  Spectrum  of  correlation  detector  showing  the  15  cm  theoretical 
range  resolution. 
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The  doppler  resolution  is  dependent  on  the  number  of  chirp  waveforms 
used  in  the  second  Fourier  Transform  as  well  as  the  system  coherence  time. 

The  resolution  can  be  increased  with  increasing  number  of  chirps  only  as 
long  as  the  system  remains  coherent.  Figures  13  and  14  show  the  down- 
converted  computer  processed  time  waveform  plots  of  consecutive  chirps  for 
single  and  double  targets.  Figure  15  shows  the  range-doppler  image  for  two 
stationary  (zero  doppler)  point  targets  as  the  number  of  chirp  waveforms  in 
the  second  transform  is  increased.  Figure  15b  shows  doppler  resolution 
improvement  from  60  Hz  to  30  Hz  as  more  chirp  waveforms  are  used.  Figure  15c 
shows  the  degradation  when  additional  chirps  are  used  that  are  no  longer 
coherent.  The  phase  changes  from  chirp  to  chirp  (with  stationary  targets 
chirp  to  chirp  phase  should  be  identical,  see  Figure  13)  and  manifests 
itself  as  an  apparent  (erroneous)  doppler. 

The  coherence  time  of  the  system  was  determined  to  be  in  30-50  msec 
range  for  the  present  outdoor  range.  In  order  to  determine  the  equipment 
limitation  on  system  coherence  a 20  m gas  cell  (a  small  optical  device  that 
by  means  of  man'1'  internal  reflections  has  an  optical  path  of  20  m)  was 
installed  on  the  optical  bench,  a retro  placed  at  the  output  and  the  signal 
detected.  The  total  optical  path  length  was  40  m.  System  coherence  time 
was  substantially  increased  to  greater  than  500  msec.  Figure  16a  shows  a 
photograph  of  the  time  waveform  taken  with  a 500  msec  exposure  (integration) . 

The  phase  coherence  is  clearly  visible.  Since  the  outdoor  range  coherence 
time  is  much  less  than  this,  (see  Figure  16b  with  a 1/30  sec  exposure)  the 
limiting  factors  must  be  either  target  vibration  or  atmospheric  turbulence. 

The  mount  is  currently  being  instrumented  to  measure  the  target  mount  vibration. 
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Fig.  14.  Computer  display  of  10  consecutive  returns  from  two  stationary 
retros. 
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Fig.  16a.  1/2  second  exposure  of  downconverted  correlation  detector  output  on 

indoor  range. 
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Fig.  16b.  1/30  second  exposure  of  downconverted  correlation  detector  output 

on  outdoor  range. 
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B.  Range -Resolved  Angle -Scanned  Imaging 

The  first  type  of  imaging  described  (see  Section  II)  relied  on  a beam- 
width  much  smaller  than  the  target  and  the  angle-angle  position  of  the  scanner 
to  determine  the  crossrange  dimension.  The  range  for  each  angle-angle  element 
is  determined  from  the  frequency  information  in  each  correlated  chirp  return. 

To  demonstrate  the  range -crossrange  imaging  capability  of  the  wideband 
waveform  a "V"  shaped  array  of  retroreflectors  was  assembled  at  the  60  m range. 
The  separation  between  retros  was  25  cm.  Figure  17  shows  the  array  as  seen 
from  the  radar.  Figure  18  shows  a close-up  view  of  the  array.  The  radar  was 
scanned  across  the  array  and  the  data  recorded  and  processed.  Figure  19  shows 
the  resultant  image  when  the  angle -angle  information  of  the  scanner  has  been 
converted  to  crossrange. 

To  demonstrate  this  target  contouring  ability  on  an  extended  target 
an  aluminum  model  of  a rocket  body  was  placed  on  the  60  m range  and  rotated 
at  a 25°  angle  from  rocket  body  normal  (broadside)  to  the  radar.  This  was 
done  so  there  would  be  a range  difference  between  the  noise  and  tail  of  the 
target.  Figure  20  shows  the  model  as  seen  from  the  radar.  The  model  was 
made  of  rough  turned  aluminum  and  presented  a return  with  a bright  "specular" 
at  broadside  (i.e.,  at  normal  incidence  to  rocket  body)  and  a monotonically 
decreasing  "diffuse"  return  as  the  angle  between  the  rocket  body  normal 
and  the  radar  increased.  Figure  21  shows  a contour  plot  ol  -tie  returns 
in  range  and  crossrange.  The  crossrange  information  again  is  determined 
by  the  angle-angle  position  of  the  scanner.  The  schematic  of  the  rocket 
body  is  superimposed  at  the  same  angle  as  in  the  experiment  to  show 
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Fig.  17.  Retro  array  as  viewed  from  the  radar. 
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Fig.  18.  Closeup  of  array. 
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that  the  returns  follow  the  contour  of  body.  The  radar  in  Figure  21  is 
located  at  the  bottom  of  the  page  and  is  propagating  toward  the  top  of 
the  page.  The  returns  from  the  noise  section  which  is  only  10°  away  from 
broadside  are  stronger  than  the  returns  from  body  which  is  25°  from  broad- 
side. Bright  returns  are  seen  at  welded  joints  on  the  noise  cone  and 
edges  near  the  tail.  Figure  22  shows  the  results  after  a 6 dB  improvement 
was  obtained  by  non-coherent  averaging  techniques.  Returns  from  the  body 
proper  are  now  clearly  discernible.  The  complete  reconstruction  of  the 
image  requires  the  superposition  of  many  different  images  (of  which  Figure 
2]  is  an  example)  as  described  in  Figure  3. 

C.  Range -Doppler  Imaging 

Range -Doppler  Imaging  was  carried  out  using  a 60  cm  diameter  beam 
at  the  60  m range.  Figure  23  shows  the  range-doppler  image  of  a single 
moving  retroref lector.  The  doppler  resolution  time  was  S msec  (16  pulses) . 
Figure  24  shows  the  range-doppler  image  of  two  retros;  one  stationary, 
the  other  moving  toward  the  radar. 

A rotary  beam  was  constructed  with  retroreflectors  at  each  arm.  The 
retros  were  attached  to  the  beam  in  a planetary  fashion  so  that  they  always 
faced  the  radar.  Figure  25  shows  the  range-doppler  image  when  the  retros 
were  at  maximum  crossrange  separation.  Figure  26  shows  a sequence  of  four 
views  of  the  retros  at  different  points  in  their  rotation.  The  crossrange 
resolution  of  these  images  is  approximately  15  cm.  These  images  represent 
the  first  high  resolution  range-doppler  images  made  at  10.6  pm.  Figure  27 
shows  the  various  displays  used  to  generate  a two  dimens ional  image  of  the 
rotating  retroreflectors.  The  first  image  is  a gray  scale  display  where 
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Fig.  22.  10.6  ym  range- crossrange  image  of  rocket  model  (Contour  Plot  with 

computuer  averaging) . 
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Fig.  25.  10.6  ym  range-doppler  image  of  rotating  retros 


52 


m o in  o 

— — o 


(w)  39NVU  3AI1V13H 


53 


Fig.  26.  10.6  pm  range-doppler  images  of  rotating  retros  at  different  aspect 

angles. 
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displays. 


the  ambiguity  function,  indicating  the  location  of  the  scatterers,  is 
converted  to  various  shades  of  gray  levels  proportional  to  the  value  of 
the  ambiguity  function.  This  particular  image  had  a threshold  of  -10  dB, 
where  0 dB  is  the  maximum  value  in  the  entire  image,  and  any  value  less 
than  -10  dB  is  blanked  out.  Similarly  the  second  plot  is  a contour 
display  with  the  inner-most  contour  representing  -3  dB,  the  next  contour 
representing  -6  dB,  and  the  outer  one  -9  dB.  Thus  this  image  has  an 
effective  dynamic  range  of  -9  dB.  In  neither  of  these  images  are  any 
sidelobes  visiLle  because  the  sidelobes  appear  at  approximately  -13  dB 
for  an  ideal  ambiguity  function  representing  a point  scat.terer  (to 
which  the  retroreflectors  are  a good  approximation) . Of  course  various 
weighting  techniques  can  be  used  to  increase  the  dynamic  range  of  the 
image.  The  last  image  shows  an  intensity  display,  with  the  sin  x/x  functional 
behavior  of  the  ambiguity  function,  in  the  crossrange  dimension,  readily 
observed.  These  displays  are  each  useful  when  trying  to  interpret  specific 
details  in  any  given  image  frame.  The  so  called  "two-dimensional  image" 
resulting  from  a superposition  of  a sequence  of  images  at  various  aspect 
angles  would  use  the  gray  scale  plots  since  it  is  the  closest  approximation 
to  a photographic  image. 

D.  System  Sensitivity  Enchancement  by  Computer  Averaging 

One  of  the  advantages  of  post  detection  processing  of  returns  is 
the  ability  to  improve  the  signal-to-noise  ratio  by  averaging  many  returns. 

The  theoretical  basis  for  the  improvement  is  found  in  many  treatises  on 

4 

signal  processing.  The  purpose  behind  this  discussion  is  to  point  out 
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potential  trouble  areas  in  implementing  signal  averaging  techniques  m an 
optical  system.  Signal -to-noise  enhancement  by  averaging  requires  a 
deterministic  signal  corrupted  by  random  "noise.”  Unfortunately,  m 
heterodyned  optical  signals  with  amplitude  modulated  local  oscillators  or 
electronic  switching  circuitry  there  is  added  to  the  desired  deterministic 
signal  a deteministic  amplitude  modulation  signal  viiich  behaves,  for  real 
time  observations,  as  an  additional  undesired  noise  component.  In  a micro- 
wave  system  this  local  oscillator  or  electronic  modulation  is  eliminated  by 
use  of  a double  balanced  mixer  which  by  the  use  of  phase  alterations  of  the 
LO  and  signal  ports  can  eliminate  the  LO  amplitude  modulations  from  the 
resultant  mixed  signal.  The  output  contains  the  desired  deterministic 
signal  and  random  noise.  The  construction  of  double  balanced  optical  mixer 
is  much  more  difficult  than  the  microwave  device  because  of  the  wavelengths 
involved  and  is  a significant  research  project  in  its  own  right. 

The  result  of  averaging  a file  consisting  of  signal,  deterministic 
undesired  modulation,  and  random  noise  is  that  the  undesired  deterministic 
modulation  is  enhanced  as  much  as  the  signal  and  therefore  the  improvement, 
if  any,  in  signal  to  apparent  "noise"  can  only  be  as  much  as  the  difference 
in  level  between  the  signal  and  the  deteministic  amplitude  modulated  floor 
In  terns  of  real  parameters  this  apparent  noise  floor  is  only  a few  dB 
below  the  random  noise  floor  and  therefore  computer  averaging  techniques 

provide  only  marginal  improvement  on  raw  data. 

We  have  attempted  to  implement  the  equivalent  of  double  balanced 
optical  mixer  in  the  computer  by  sequentially  recording  two  files  of  data. 
File  1 contains  the  signal,  the  deteministic  amplitude  modulation  and 
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random  noise.  File  2 is  recorded  with  the  signal  path  block  so  it  contains 
only  the  Local  Oscillator  and  electronic  amplitude  modulation  as  well  as 
random  noise.  File  2 is  then  averaged  over  100  pulses  to  reduce  the  randan 
noise  by  20  dB  relative  to  amplitude  modulation  spectrum.  The  averaged 
"deterministic  noise"  return  is  now  subtracted  from  each  return  of  File  1. 
The  resultant  processed  File  (File  1 - <File  2>^qq)  now  contains  only 
signal  and  random  noise  and  can  be  processed  by  usual  coherent  and  non- 
coherent processing  techniques. 

Figure  28  shows  a frequency  and  time  domain  return  of  a retro  at 
the  60  m range.  Figure  29  shows  the  same  return  with  a 30  dB  optical 
attenuator  placed  in  the  signal  path.  The  result  of  coherently  averaging 
30  chirps  of  this  attenuated  signal  is  shown  in  Figure  30.  The  full  15  dB 
(30  times)  improvement  is  seen  demonstrating  that  computer  averaging 
techniques  can  be  used  to  improve  signal -to-noise  ratio  in  a chirped  optical 
radar. 

E.  Dynamic  Range 

The  ability  of  a system  to  discriminate  two  returns  with  different 
signal  strengths  is  dynamic  range.  For  the  chirped  radar  described  here 
the  frequency  domain  is  used  to  discriminate  targets  in  range.  Two  targets 
of  different  cross-sections  and  ranges  can  only  be  detected  if  the  side- 
lobes  of  the  stronger  return  are  below  the  peak  of  the  weaker  returns.  The 
effect  of  computer  processing  in  reducing  sidelobes  can  be  seen  in  the 
following  simulation. 

A simulated  sinusoid  time  domain  function  was  analyzed  by  the  FFT 
subroutine  and  the  output  of  the  absolute-value-square  of  the  transform 
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was  displayed  on  a logarithmic  scale  in  Figure  8.  With  no  Hamming  weignting 
the  output  of  the  transform  is  the  expected  (sin  x/x)  function,  which  is 
the  transform  of  a finite  duration  sine  wave.  The  sidelobes  corresponding 
to  this  case  start  at  about  -13  dB  level.  When  Hamming  weighting  was 
applied,  in  the  time  domain,  to  the  sine  wave,  the  sidelobes  of  the  output 
transform  drop  to  below  the  -40  dB  level.  The  price  paid  to  reduce  the 
side lobe  levels  is  an  increased  half  power  (3  dB)  width  by  a factor  of 
1.42.  It  should  be  noted  that  minor  deviations  of  the  input  time  array 
from  a sinusoidal  functional  behavior  results  in  a lesser  improvement  in 
the  sidelobe  level  reduction,  by  as  much  as  10  to  20  dB. 

Figure  31  shows  data  on  a 70  dB  signal- to-noise  ratio  retroreflector 
that  has  been  Hamming  weighted.  The  dynamic  range  is  25  dB.  Sidelobe 
reduction  to  only  -25  dB  rather  than  -40  dB  can  be  attributed  to  the 
amplitude  modulation  of  the  input  microwave  signal  and  the  non-constant 
amplitude  response  of  the  modulator. 

VI.  SUMMARY 

High  resolution  range  resolved  angle  scanned  and  range-doppler  imaging 
have  been  demonstrated  using  a 1000  MHz  linear  fm  chirp  at  10.6  pm.  Range- 
doppler  images  of  a variety  of  targets  will  become  available  with  current 
improvements  of  the  modulator  system  and  the  addition  of  a wideband  10.6  pm 
amplifier. 
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